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AERODYNAMICCHARACTERISTICSOFA CIRCULARCYIJ31DER

ATMACHNUMBER6.86 ~ ANGLES

OFATTACKUP TO90°1

By JimA. Penland

SUMMARY

been
Pressure-distributionandforcetestsofa circularcylinderhave
madeintheIangleyn-inchhypersonictunnelata Machnunberof

6.86, a Reynoldsnumberof12g,000basedondimneter,ad anglesof
attackup to 90°. Theresultsarecomparedwiththehypersonicapproxi-
mationofGrimminger,Williams,andYoungandwitha simplemodification
oftheNewtonianflowtheory.Thecomparisonofexperimentalresults
showsthateithertheorygivesadequategeneralaerodynamiccharacter-
isticsbutthatthemodifiedNewtoniantheorygivesa moreaccurate
predictionofthepressuredistribution.Thecalculatedcrossfl.owdrag
coefficientsplottedas a functionof crossflowMachnuniberwerefound
tobe inreasonableagreementwithsimilarresultsobtainedfromother
investigationsat lowersupersonicMachnunibers.Comparisonofthe
resultsofthisinvestigationwithdataobtainedat a lowerMachnuniber
indicatesthatthedrag
relativelyconstantfor

coefficientofa cylindernormalto theflowis
Machnumbersshoveabout4.

INTRODUCTION

A missilereturningto thesurfaceoftheearthat a highsupersonic
speedfroma flightat extremealtitudesmayreentertheatmosphereat
a veryhighangleofattackormaypossiblybe tuniblingendoverend.
Suchconditionsofflightcouldimposesevereaerodynamicloadsonthe
structure.Thevariousforceson a missileinallpossibleflightatti-
tudesarethereforeimportantfroma structuralstandpointandalsofor
thedeterminationoftheprobsbletrajectoryofthemissile.

%upersedesrecentlydeclassifiedNACAReseachMemormdu L~4Al_h
by JimA. Penlsnd,1954.
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Sincea largepartofthesurfaceofnearlyallmissilesiseither
cylindricalornearlycylindrical,theaerodynamiccharacteristicsof
muchofthesurfaceofthemissilemaybe approximatedathighangles
ofattackby thoseofa circularcylinder.Experhnentalaerodynamic
characteristicsof circularcylindersareavailableonlyupto a Mach
nmiberofabout4. ForhigherMachnunibers,knowledgeup to thistime
dependslsrgelyupontheory- notably,thehypersonicapproximationof
Grimmi.nger,Willhns,andYoung(ref.1) inwhichuseismadeofthe
Newtonianimpacttheoryandthecrossfl.owtheory(ref.2). Thepur-
poseofthisinvestigationisto extendtherangeofexperimentaldata
forthecircularcylindertoa Machnmiberofabout7 andtousethe
resultsto evaluatethetheoreticalmethods.
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SYMBOLS

dismeter,in.

dragforce,”measuredparallelto freestresm,lb

liftforce,measurednormalto freestresm,lb

lengthof cylindermodel,in.

free-stresmMachnuniber

crossflowMachnuniber,Msina

normalforce,measurednormal.tobodySXiSJlb

st~ationpressure,lb/sqin.

free-streamstaticpressure,lb/sqin.

stagnationpressurebehindshockofflowcomponentnormalto
shock,lb/sqin.

measuredpressureon cylinder>lb/sqin.

free-streamdynemicpressure,lb/sqin.

crossflowdynamicpressure,lb/sqin.

angleofattack,deg
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B radialangleaboutbodyaxismeasuredfromstagnationpoint,
deg

Y ratioof s~ectficheats,1.4

Ap ‘C - ‘W=—
T %

normsl-forcecoefficientof cylinder,N/Qd

dragcoeffici=t of sphere,4D/~d2

liftcoefficientof cylinder,L/~Zd

dragcoefficientof cylinder,D/q#

lift-dragratioof cylinder

theoreticaladiabaticstagnationpressurecoefficient,

dP P.
/

- PmPo

M2(7/2)(p@/po)“

APPARATUS

Windtunnel

ThetestsdiscussedinthispaperwereconductedintheLangley
n-inchhypersonictunnel.Thisblowdowntunnelisequippedwitha
single-steptwo-dimensionalnozzledesignedby themethodof character-
isticsandoperatesatanaverageMachnumiberof 6.86.Mostofthe
testsweremadewithm all-steel~zzlej however,foran u of90°
andforthesaneMachn~er, an IYm_arnozzlewasused. Theduration
ofthetunneloyeratingcycleforalltestswaslMted to approximately
70 secondsto conservepumpingtime,and,becauseof a smallvariation
ofMachnmiberwithtime,alldatausedweretakenata specifictime
correspondingto M= 6.86.Adetaileddescriptionofthisfacildty
maybe foundinreferences3 and4.
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ForceModels

Theforcemodelsusedforliftanddragtestsconsistedofa series .
of sixl/2-inch-diametersteelcylinders,eachhavinga projectedlength
of 4 inchesexposedtotheairstream(fig.1). Thetruelengthofthese
modelsvariedfrom4 inchesforthe a = 90°modelto15.41inchesfor
the al=15°model.By increasingthelengthoftheforcemodelsasthe
angleofattackdecreased,itwaspossibletokeeptheforceshighand
therebyholdtheaccuracyofmeasurementsmoreconstantinordertomin-
imizeendeffects.Theendsofeachmodelweremachinedtoanangle
equalto thedesignangleofattackofthemodelsothattheseends
wouldbe parslleltothestream.As a checkto determinetheeffective-
nessoftheseobliquetips,pressureorificeswereinstalledonthecen-
terllnesoftheendsofthe300forcemodelafterforcetestswerecom-
pleted(fig.2). Thevariationofdragcoefficientwiththefineness
ratioof circularcylindersnormalto M = 6.86 flowwasdeterminedly
makingforcemeasurementson5/16-tich-and5/8-inch-dismetercylinders,
eachhavinglengthsof2 and4 inches.Inorderto checkfurtherthe
validityofthehypersonicapproximation,a l/2-inch-diametersteel
spherewastestedat M = 6.86.Allforcemodelswerestingsupported
framthegeometriccenterofeachmodel.Thestingwasattachedto each
cylindermodelby meansofa setscrewplacedonthedownstreamsideof ●

thecylinderto shielditfromthestream.Thespheremodelwassilver
solderedto itssu~ortingsting. L

PressureModel

Thepressuremodelwasa l/2-inch-diametercantileversteelcyMn-
derapproximately10 incheslong(fig.3). Six0.030-inch-dismeter
pressureorifices,evenlyspacedradially600apart,werelocated
approximately5 inchesfromthenose(fig.4). Thismodelcouldbe
rotatedaboutitslongitudinalaxisinordertolocatethepressure
orificeswithrelationtothestre6mj thechsmgesinangleofattack
wereaccomplishedby rotatingthecylinderanditsconicalmountabout
an sxiswhichisnormaltothestream,paralleltothetunnelfloor,
andlocatedintheendofthestingmount.Thecylinder,supportedby
thedownstreamend,wassecuredagainstrotationandtheangleofattack
oftheconfigurationwaslockedinpositionby setscrewswhichmaybe
seenin figure4. As ontheforcemodelsthepressuremodelwassup-
pliedwithobliqueangulartipcapstominimizetipeffectsby making
theendparslleltothestresmdirection.Inadditiontotheoblique
tipcaps,twoconeswithangleof10°and30°wereprovidedforthepres-
sureprobeto determinetheeffectsofthedifferenttips.Theanglesof
attackfortheforcemodelsandthepressuremodelwerepresetbefore
eachtest,buttheanglesusedinanalysisofdataweremeasuredfrom k
schlierenphotographsin
deflectionofthemodels

ordertotake-inconsiderationthepossible
duetotheaerodynamicloading.

4
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bstrwnentation

A three-componentstrain-gagebalancewasusedtomeasureallforces
actingonthecylinderforcemodelsdescribedinthispaper.~S bala-
nce hasa maximumcapacityof20poundsliftand10poundsdrag,meas-
urableto m accuracyof0.1poundand0.05pound,respectively.A
moredetaileddescriptionofthisinstrumentmaybe foundinreference5.

Continuousrecordsof stagnationandorificepressuresonthe
cylinderpressureprobeweremadeforallpressuretests,andstagnation
pressurewasrecordedduringallforcetests.Allpressuresweremeas-
uredsmdrecordedon filmbymeansofaneroid-typeinstrumen-tSwhich
magnifythemovementsofa corrugatedfaceofan evacuatedcell.The
accuracyoftheseinstrumentsisii/2percentatfullscale.Forthe
presenttests,instrumentswhichhada maximumrangeneartheexpected
msximumpressurewereselectedtohelpmirdmizeanyadditionalerror.A
moredetafleddescriptionofthisinstrument~ be foundinreference4.

A Z-typesingle-passtwo-mirrorschlierensystemwasusedforsll
testscoveredinthispaper.Themirrorswere12inchesindiameter

—

witha focallen@h of120inches,andthelightsourcewasa standard
A-H6water-cooledmercury-vaporla. Eigh-speedpsmchromaticfilm,
~osed approximately3 microsecondsandnormallydeveloped,wasused
forsXltests.TheknifeedgeusedforvaryingthecutoffinthescliLie-
rensystemwasalwaysplacedparalleltotheflow.

Grimminger,
oftheeffectof

TEEORETICALMEX!HODS

HypersonicApproximation

Willisms,andYoung(ref.1)madea seriesofesthates
centrifugalforceonthehypersonicflowoverinclined

bodiesofrevolutionandmodifiedthetheoryofNewtonismflowto include
theseeffects.Thevariousestimatesinreference1 ofthecentrifugal.
forceoftheairas ittraveledh a curvedpatharounda bodyofrevo-
lutionwerebasedupondifferentbody-layerstresm-tubevelocities.
Fivedifferentrelationsweredevelopedto evaluatetheeffectivebody-
layerstresm-tuibevelocity.Theresultsofus= thefifthrelation
showthata reasonablepressuredistributionmaybe predictedforogival
bodiesofrevolutionandthatthedragof spheresmay%e accuratelypre-
dictedforhighllachnunbers.Thetheorybaseduponthisfifthrelation
i& mibsequentlyreferredto asGrimninger’shypersonicapproximation
throughoutthispaper.
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ModifiedNewtonianFlow
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Thestagnationpressurecoefficientpredictedby bothNewtonian
flowandGrimmhger’shypersonicapproximationisabout10percent
higherthanthetheoreticaladiabaticpressurecoefficientforanfnfi-
niteMachnuniber.Becauseofthisoverestimation,a modifiedmethodis
presentedinwhichtheassumptionsofNewtonisaflowareused- namely,
whentheairstresmstrikesa surface,itlosesthec~onent ofmomentum
normaltothesurfaceandnmvesalongthesurfacewiththetangential
componentofmomentumunchanged- exceptthatthetheoreticalstagnation
pressurecoefficientfortheMachnumberofthefl.owbeingconsideredis
substitutedfortheNewtonianstagnationpressurecoefficient.The-per-
centagedifferencebetweentheNewtonismvalueandthecalculatedvalue
oftheyressurecoefficientisthenappliedtothewholepressuredis-
tribution.Theresultspredictedbythismethodaremibsequently
referredto asmodifiedNewtonianflow.

.

Crossfl.owTheory

Anothera~roachforapproximatingcoefficientsoninclinedbodies
isthecrossflowtheorywhichisessentiallya variationofthewell- d
knownsweepeffect.Forcircularwires,Jones(ref.2) showsthatthe
componentofthedragnormaltothewiremaybe foundifthestresm
velocityandtheangleofattackareknown.Thecrossflowtheoryresolves ‘
thestreamvelocityintotwocomponents,oneparalleltotheaxisofthe
bodyandtheothernormaltotheaxisofthebody. Theeffectivestag-
nationpressureandthedynsmicpressureforthecrossflowcomponent
area functionofthecrossflowMachnuuiberandthestaticpressure.
Iftheassumptioniscorrectthattheflowmsybe resolvedintocompo-
nents,thenthepossibilityarisesthatlowMachnuniberdatamaybe used
to estimatethevaluesofhighMachnunbercoefficientsatanglesof
attackby usingthelowMachnumberflowasthecrossflowona bodyat
an sngleofattackinhighMachnuniberflow.

—

..-

TESTCONTIETIONS

Bymeansofa regulatingvalvethestagnationpressurewasheldto
an averagevalueof25.7atmospheres.Thestagnationtqnperaturewas
maintainedatanaveragevalueof 6f%0F by meansofa variable-frequency,

—

resistance-tubeheatertoensureagainstliquefactionoftheair. This
heaterconsistsofa shieldedgroupofelectricallyheatedmetaltubes
locatedbetweenthehigh-pressurestoraget.aakandthesettlingtier
ofthenozzle.Theairisheatedbycomingin contactwiththeinside
wallsofthemetaltties~thetemperatureo?whichis controlledby a

v

variationoftheappliedvoltage.!lhisairheaterreplacesthestcmage-
typeheatexchengerdescribedinreference4. h ordertomakecertain .



NACATN 3861 7

thattherewouldbe nowater-condensationeffects,theabsolutehumidity
waskeptlessthan1.87x 10-5poundsofwatervaporperpound.ofdry
airforalltests.TheReynoldsnmiberfortheLamgleyU-tichhyper-
sonictunnelis10,000perinchperatmospherestagnationpressure.
ThevalueofReynoldsnunibercorrespondingtothestagnationpressure
usedforthepresenttestswas2S7,000perinchor 12g,030forthe
l/2-inch-dismetercylinders.

RESULTSANDDISCUSSION

Pressure-TestResults

Fressuretistributlons.-Thevariationwithangleofattackofthe
pressuredistributionabouta circularcylinderat M = 6.86 ispre-
sentedinfigure5(a).Moredetailastothepointof separationand
thevaluesofthepressurecoefficientonthedownstreamsideofthe
cylindermaybe seenb figure5(b). Enbothmeasuringthepressures
andplottingtheresults,theass~tionwasmadethatthepressuredis-
tributionwassymmetricalaboutthecenterlineofthecylinder.The
pointaf separationa~earstovaryfrm shout120°fromthestagnation
pointforan angleofattackof90°to about100°fromthestagnation
pointforan amgleofattackof14.9°.Thevalueofpressurecoeffi-
cientAp/q atthestagnationpointonthecylinder(fig.5(a))varies
from1.81foran smg~eofattackof900to 0.119foranangleofattack
of14.9°,and-from0.20to -0.015,respectively,attherearmostportion
ofthecylinder.Thevalueofthepressurecoefficientforpressure
equalto zerois -0.03andis indicatedasa solidlineonfigure5(b).
Thepressurecoefficientsfor u . 90°presentedinfigures5 and6
includedataobtainedwiththeM = 6.86 lMmr nozzleaswellas cor-
rectedvaluesofdataobtatiedwiththeM = 6.86 all-steelnozzle
(NACARM L54Jd_4).A 10C~ -iation in~ch numiberat a = 90° accounted
forthecorrectionstothedataobtainedwiththeall-steelnozzle.
Thepressuredistributionsaspredictedbyliewtonianflowandby
Grhminger’shypersonicapproxirurbion(ref.1)areshowninfigure6.
Itmaybe seenthatbothNewtoniantheory’andGnbnminner’shypersonic
approxhationoveresttitethestagnationpressurecoefficientandthat
ofthesurroundingregion.Thepointof zeropressurecoefficientis
givenas90°fromthestagnationpointbybothNetioniantheoryand
Grhninner’shypersonicapproximation,butthepresenttestsshowthat
thepointof zeropressurecoefficienttakesplaceatabout120°fora
cylindernormaltotheflowat M = 6.86.Thepressuredistribution
predictedbymodifiedNewtonianflowis showninfigure6 andgivesmore
reasonablevaluesofpressurecoefficientintheregionnearthestag-
nationpointonthecylinder,but,aspredictedby unmodifiedNewtonian
theoryorGrimminger’shypersonicapproximation,thepointof zeropres-
surecoefficientis stillgivenas 90°frpmthestagnationpotmtinstead
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ofthev%lueof1200shownby experiment.
.

“Itmaybe seenthattheagree-
mentbetweenthee~ertientalvaluesofpressurecoefficientat a = 90°
andthemodifiedNewtonianpressuredistributionisonlyfair.Forall .
otheranglesofattackexcepta = 14.9°,this~ement wasfoundtobe
muchbetter.Of interestistheratioofthepressuremeasuredatthe
stagnationpointofa cylindertothestagnationpressureona cylinder
atanangleofattackof90°as showninfigure7. Thepresentexperi-
mentaldataisinexcellentagreementwiththefunctionsin2aat
anglesofattackabove15°.

Pressure-modelendeffects.-Inordertoassurethatthemeasured
pressureswerenotaffectedlythenosetips,twoadditionaltipswere
testedonthepressuremodelatemangleofattackof15°. Thesetips
consistedofa 10°anda 30°cone.Schlierenphotographsofthepres-
suremodelwiththevarioustipsinstalledmaybe seeninfigure8.
Comparisonofthepressuredistributionsaroundthiscylindricalpres-
suremodelwiththedifferenttipsinstalledshowedthattherewasno
appreciabledifferenceinthevaluesofthemeasuredpressures.Although
no variationwasfoundinthepressureswithdifferenttips,itmustbe

.—

notedthattheshockneartheorificeswasnotparalleltothebodysur-
faceduringthe a = 15° tests.Therewas,however,nomeasu%bl.edif-
ferenceintheslopeoftheshockorthedistanceoftheshockfromthe *
surfaceofthemodelinthevicinityoftheorificesforthedifferent
tipsusedinthe a = 15° tests.Thisisanendeffectthatwasnot
presentat otheranglesofattack.Itmaybe seenintheschlieren

*

photograph(fig.8(d))ofthepressuremodelduringthe a = 60° test
that,intheregionofthemeasuringstation,approximately9 diameters
fromthetip,theshockprofileisparalleltothemodelsurface;this
conditionisan indicationthatno endeffectsfromeitherendwere
present.

Force-TestResults

Forcecoefficients.-Thevariationwithangleofattackofthe
normal-forcecoefficientofa circularcylinderat M = 6.86 ispre-
sentedinfigure9. Thenormal-forcecoefficientsweredeterminedfrom
pressuredistributionsby integrationandbytheresolutionofthelift
anddragforcesmeasuredonthestrain-gagebalance.Experimentalforce
measurementsshowedthattheconicalstingsupportusedforallforce
modelscouldnotcausean errorofmorethanabout1.5 percentfor the
forcemeasurements;therefore,no correctionswere-de uponmeasured
forces.Forcomparisonwiththeexperimentalforceandpressuredata,
thenormal-forcecoefficientsaspredlctedbyNewtonianflow,Grfmminger’s
hypersonicappro@matlon,andthemodifiedNewtonianflowforvarious
anglesofattackareincludedinfigure9. Becausethesetheories,
basedupontheconceptofNewtonianflow,predictonlythenormal-force
coefficientby meamsofintegrationofthepredictedpressuredistribu-
tions,theskin-frictiondragisnotincludedinthetheoreticalcurves.
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Thetheoreticalcurves
ficientsobtainedfrom

shouldthereforebe compared
pressuredistributionswhich

9

withtheforcecoef-
alsodonotinclude

skinfriction. TheNew%niantheorygivesgoodpredictionsat low
anglesofattack,butathigher@es ofattackthepredictionsarenot
sogood,themsxtmumerrorbecomingabout6 percentat a = 90°. From
thiscomparisonwithexperhentaldataitappearsthateitherGrimminger’s
hypersonicapproximationorthemodifiedl?ewtonisnapproximationgive
reasonablyaccuratepredictionsofthenormalforceona circularcylin-
derat M = 6.86. It isnotknownwhethertheseapproximationswillgive
equallyaccuratepredictionsfordifferentbodiesat M = 6.86.Itmay
be seenb figure10thatthedragcoefficientfora sphereis overesti-
matedathighMachnunibersby unmodifiedNewtonknflowbutis.predicted
withreasonableaccuracybythehypersonicapproxhationsudmodified
Newtonianflow.Forcomparisonwithpresent.data,experimentalresults
fromrefer=ces6 and7 coveringtheMachnuniberrange~omo.3 to 5.6
wereincludedinfigure10. A cmparisonoftheflowarounda l/2-tich-
diametersphereanda l/2-inch-dismetercircularcyltidernormalto the
flowmaybe seeninfigure11. Thebowwaveis seentobe muchcloser
to thesurfaceofthespherethantothesurfaceofthecylinder,and
theanglebetweentheshockdownstreamofthemodelandthestresmdirec-
tionisappreciablysmallerforthespherethanforthecylinder.

Thevariationwith@e of attackof the lift anddragcoefficients
of a circular cylinderat M = 6.86 is presentedinfigure12. Itmay
be seenthatbothGrfmminger’shypersonicapproxtitionandthemodified
Newtonianmethodaccuratelypredictthe~erkntal liftanddragcoef-
ficientsatanglesofattackwherethefrictiondragisa verymall
portionofthetotalhag. Neitherofthesemethodstskebto account
skinfrictionandbothmethodsthereforeunderestimatethedragvalues
andoverestimatethevaluesof lift-dragratioat lowanglesofattack.
It shouldbenotedthatthecurveoflift-dragratioisthecotangent
oftheangleofattackfortheNewtonismflow,thehypersonica~roxima-
tionbyGrlnmd.nger,andthemodifiedllewtonisntheory.Thelift-tiag-
ratiocurveinfigure12 isthereforethesameforalltheoriesdis-
cussedinthispaper.It istobe expectedthatthedragcoefficients
obtainedfrompressuredistributionswillbe lowerthanthoseobtained
fromforce-balancemeasurementsbecauseskin-frictiondragisnotincluded
inthepressurehag.

Force-modelendeffects.-Onepossiblesourceoferrorinthelift
coefficientsfromtheforcetestsisthatthepressuresonthetwoends
ofthecylindermightbe different.InspectionoftheschJ-ierenphoto-
graphsoftheforcemodels(f@. 13)showsthat,astheangleofattack
isdecreased,theshockpatternsontheendsareverydifferent;thiscon-
ditioncouldpossiblyresultindifferentpressuresonthetwocylinder
ends.Therefore,inorderto investigatethepressuresontheflatends
oftheforcemodels,orificeswereinstelledonthe30°forcemodelas
showninfigure2. Theresultsofthistestshowedthattherewereno
measurabledifferencesinthepressureseitherbetweenorificesorbetween
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s

endsof theforcemodel. A schlierenphotographtakenduringthistest
maybe seeninfigure13(d)andtheshockformationshowsnovariation
fromthe30°forcemodelwithoutpressureorifices(fig.13(c)).It *
~ thereforebe concludedthattheflatendsdidnotcontributetothe
liftforceduringtheforce-ba2amcetests.

Thevariationwithfinenessratioofthedragcoefficientofa
cylindernormalto theflowat M = 6.86 ispresentedinfigure14.
Thedragcoefficientisseentovarya relativelysmallamountandsome-
whaterraticallyasthefinenessratiovariesfroma valueof3 toa
valueof 13. It isbelievedthatthisvariationconstitutesnopartic-
ulartrendandthattheirregularityisdueto scatterinthedata.
Fromthisinvestigation,it seemsapparentthatthevariationofthe
dragcoefficientdueto endeffectsonthecylindernormaltotheflow
aresmallandareobscuredby thescatterofthedatawhichinthis
casearewithin-theaccuracyoftheapparatusinvolved.Theseresults
thereforeindicatethattheforcesmeasuredonthecylindermodelsat
angleofattackarerepresentativeofforcesoninfinitecylinders.

Reynoldsnuniber.-Thevariationoffinenessratiowasobtainedby
varyingboththelengthandthediameter.Eachdiameterthereforecon-
stitutesa differentReynoldsnuniber.Itmaybe seeninfigure14that s
therewaslittlevariationinthehag coefficientsforthethreecylin-
dersalthoughtheRemoldsnunibervariedfromabout80,400forthe

—

5/~6-inch-diametercylindertoabout160,800forthe5/8-inch-diameter .

cylinder.IntheReynoldsnuniberrangeofthisinvestigationat M = 6.86,
theeffectofReynoldsnuuibermaythereforebe considerednegligiblefor
cylindersathighanglesofattack.

CrossflowResults

CrossflowMachnumberpressurecoefficients.-Thevariationtith
crossflowlfachnuniberofthestagnationpressurecoefficientofa circu-
larcylinderispresentedinfigure15. Forcomparisonwithexpertiental
data,a curveoftheoreticalstagmtionpressurecoefficientsisincluded
forvariousMachnunibers.Theexperimentalstagnationpressurecoeffi-
cients,obtainedby crossflowtheoryfrompressuredistributionsaround
cylindersat angleofattackinthe M = 6.86 flow,agreecloselywith
thetheoreticalcurvewiththeexceptionofthepointat l& =“1.74.It
wasfoundthroughcloseexaminationoftheschlierenphotographofthe
pressureprobeat a = 15° (fig.8)thattheshockinfrontofthe
cylinderwasnotparalleltothesurfaceofthecyllnderinthevicinity
oftheorifices.ThecrossflowMachnumberwascalculatedframtheangle
ofattackofthemodel,andtheresultingpressurecoefficientwashigh
as show infigure1.5at ~ = 1.74. IfthecrossflowMachnuniberis *
calculatedfromtheangleofattackoftheshockinsteadofthemodel,

.
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thepressurecoefficient— thenfsllsonthetheoreticalcurve.

%
Thisvariationin stagnationpressurecoefficient,duetothefactthat
theshockisnotparalleltothebody,isan endeffectwhichappears
tobecomesignificantforthepresenttestconditionsat an angleof
attackofabout15°andbelow.UnptilisheddatabyImd andUhnan
includedinfigure15alsoshowa higherthannormalstagnationpressure
coefficientat a crossflowMachnuder of1.04whichcorrespondsto an
angleofattackof15°in M = 4.04flow. As describedpreviously,tests
indicatedthattherewasno appreciabledifferenceinthepressuredis-
tribution=ound thepressureprobewhetheritwassuppliedwitha 10°
cone,a 30°cone,ortheobliquetip. Theregionimmediatelydownstream
ofthenoseofa cone-cylinderconfigurationismarkedlyaffectedlythe
flowaroundthenose,butatthepresenttestconditionstheorifices
werelocatedfarenoughdownstreamtominimizethiseffectEibovean
angleofattackof15°. It isthereforeapparentforthepresenttest
conditionsthatthestagnationpressurecoefficientisnotaffected
appreciablyby theshapeofthetipbut isprobablyaffectedby the
locationofthepressureorificesinrelationto thenose. Theunpub-
lisheddatabyLordandUban andthatfromreferences8 and9 forvari-

U ouslow-supersoniccrossflowMachnumbersagreecloselywiththetheo-
reticalcurve.

. ThevariationwithcrossflowMachnumiberofthepressurecoefficient
onthedownstreamsideofa circularcylindermaybe seenin figure16.
Datafromreference9 fortheMachnuniberrange2.5to 5.0areincluded
inthisfigure.It shouldbenotedthattheHferencebetweenthe
experimentalpressurecoefficientsandthecurveof zeropressureis
approxhatel.yconstantthroughoutthecrossflowMachnuniberrange,
althoughtherangeofReynoldsmmibersvariesfrcm0.4X 105to 2.1X 106,
baseduponfree-streamconditionsandcylinderdiameter,andtheresults
probablycontainbothturbulentandlsminsrboundary-layerconditions.

Crossflowdragcoefficient.-ThevariationwithcrossflowMach
numberofthehag coefficientofa circularcyltiderispresentedin
figure17. Alongwiththepresentdata,anaccumulationofavailable
cylinderdata(refs.8 to 11)isincludedlnthisfigure.Datafrom
reference12havenotbeenincludedsincethetabulatedpressurecoeffi-
cients,whenintegrated,donotgiveoverall*% coefficientsequalto
thevaluesplottedinthesamereport.Thedataobtainedbythecross-
flowmethodappearto fairreasonablywelltithinthescatterof existing
low-supersonicMachnumberdata. It appearsthattheaccuxacywithwhich
lowMachnuniberdatamaybe predict-from M = 6.86 &ta by useofthe
crossflowtheorydependslargelyuponthefinenessratioofthetest
cyltier,thedistsncebehindthenoseofthecylinderthatthepressure
distributionismeasured,andtheangleofattackofthecylinderduring
thetest. Sincedataobtainedbythecrossflowmethodagreewithlow-
supersonicMachnuniberdata,itappearsthathigherMachnuniberforce
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coefficientsmaybe predictedfrom M = 6.86 data. Includedinfigure17
arethevaluesofdragcoefficientpredictedby unmodifiedNewtonianflow,
Grimminger’shypersonicapproximation,andmodifiedMewtonismflowforan
infiniteMachnunber.Fromcomparisonofthepresentdataat M = 6.86,

.

anddatafromreference8, itappearsthatthedragcoefficientofa
cylindernomal totheflowisrelativelyconstantforMachnumbers
above4 andisadequatelypredictedby eitherGrimminger’shypersonic
approximationorthemodifiedNewtonianflowtheories.

CONCLUSIONS

qsis ofexperimentaldataobtainedfromtestsmadeinthe
Langleyl-l-inchhypersonictunnelon circularcylindersata Machnum-
berof 6.86anda Reynoldsnuniberof129,000leadstothefollowing
conclusions:

1.Thevaluesofliftcoefficientanddragcoefficientofa circu-
larcylinderatanglesofattackof14.9°through90°agreefavorably
withthehypersonica~roximationofGrimminger,Williams,andYoung
andwitha s~le modificationoftheNewtoniantheory.

2.Thepressuredistributionarounda circularcylindergivenby
themodifiedNewtoniantheoryagreesmorefavorablywithe~erimental
resultsthandoesthatgivenby eitherNewtonianfloworthe@ersonic
approxktion.

3. me c~~ated crossflowdragcoefficientsplotted as a function
of crossflowMachnuder werefoundto be in reasonableagreementwith
similar results obtainedfromotherinvestigationsat lowersupersonic
Machntmibers.

4. Comparisonoftheresultsofthisinvestigationwiththeresult
obtainedat lowersupersonicMachnunibersIndicatesthatthedragcoef-
ficientofa cylindernormaltothefree-streamflowremainsrelatively
constantforMachnunibersabove4 andisadequatelypredictedby either
thehypersonica~roximationorthemodifiedNewtoniantheory.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

IangleyField,Vs.,January6,1954.
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